Abstract
the effective polarization. 7 Furthermore, non-volatile switching between four resistance states has also been reported in all-oxide (La,Sr)MnO 3 /BFO/(La,Sr)MnO 3 multiferroic tunnel junctions. 8 Unusual photovoltaic properties with open-circuit voltages higher than the band-gap of BFO are observed in BFO thin films with ordered stripe domain arrays. 9, 10 Employing the photovoltaic effect, Guo et al. recently demonstrated an interesting prototype memory based on Fe/BFO/(La,Sr)MnO 3 heterostructures with non-destructive readout through monitoring the photo-generated voltages that are dependent on the polarization directions.
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Functionalities of these devices depend on the effective polarization and domain switching in BFO thin films. It is well known that high energy -ray and synchrotron X-ray irradiations may result in polarization loss, imprint and possible retention failure in ferroelectric thin films, as reported previously in Pb(Zr,Ti)O 3 , PbTiO 3 and SrBi 2 Ta 2 O 9 thin-film devices. [12] [13] [14] [15] [16] For 3 ferroelectric thin films in military and space applications, irradiation induced performance deterioration may be more severe due to the higher possibility to be exposed to high energy irradiations. However, there is yet no report on high energy irradiation effects on ferroelectric properties of BFO-based thin films, although the irradiation resistance is important to the device reliability. In this work, effects of -ray irradiation on ferroelectric properties of Possible origins responsible for these behaviors are discussed.
BPFMO thin films were prepared on Pt/TiO 2 /SiO 2 /Si substrates by chemical solution deposition using spin-coating, as reported previously. 17 Each layer of the BPFMO was baked at 300 0 C, pyrolyzed at 400 0 C for 10 min in O 2 , and then annealed at 525 0 C for 3 min in N 2 . The spin-coating and heat treatment steps were repeated for several times to obtain the desired film thickness. Finally, the films were annealed at 525 0 C for 30 minutes in N 2 . X-ray diffraction (XRD), performed using a Rigaku Ultima-III diffractrometer with Cu K radiation, was used to characterize the structure of BPFMO thin films. Cross-sectional morphology of the BPFMO/Pt/TiO 2 /SiO 2 /Si stack was acquired using a FEI Quanta 200 scanning electron microscope (SEM). The surface topology and domain structure of BPFMO thin films were characterized using an Asylum Research Cypher scanning probe microscope. The atomic force microscopy (AFM) images were recorded in a tapping mode. Pizeoresponse force microscopy (PFM) was conducted in a single-frequency mode using Olympus AC240TM Pt/Ti-coated silicon The BPFMO thin films were subjected to 1.33-MeV -ray from a 60 Co source for 24 hours with a total dose of 5.0 Mrad (SI).
The XRD pattern, shown in Fig. 1(a) , indicates that the BPFMO film is phase-pure and polycrystalline on Pt/TiO 2 /SiO 2 /Si substrates. 18 The BPFMO film is about 500 nm in thickness and exhibits a clear interface with the Pt bottom electrode ( Fig. 1(b) ). The film is composed of closely-packed spherical grains of about 50 nm in size. The surface root-mean-square roughness is about 1.54 nm over an area of 1×1 m 2 , as measured from the AFM image shown in Fig. 1 (c). with a +20 V bias (white square in Fig. 3(a) ) and then the central 1.5×1.5 m 2 with a -20 V bias (orange square in Fig. 3(a) ), the BPFMO thin films can be fully polarized downward (dark cyan) and upward (bright) with a phase contrast about 180 0 . The tip-written domain structures in both fresh and irradiated BPFMO films were checked after a 12-hour retention time, as shown in The preferred upward polarization can also be seen from the irradiation-induced domain structure change in the un-written area. As shown in Fig. 3(a) , the un-written area in the fresh film exhibits a multi-domain structure with slightly more upward nano-domains. However, after irradiation, this un-written area shows a predominantly bright contrast (Fig. 3(b) ), indicating a preferred upward polarization. The appearance of preferred polarization direction implies the formation of an extra field in the film, which stabilizes the upward domains. Pt/BPFMO/Pt capacitors was measured first. The PUND pulses (blue) leave the capacitor polarized upward. The capacitors are then subjected to -ray irradiation. After the irradiation of prescribed dosage, P nv of the capacitors is measured again using PUND pulses (red). Reduction of P nv is observed after -ray irradiation. And the irradiation-induced P nv loss increases with the decrease of poling voltage before irradiation, as plotted in Fig. 4(b) .
The loss of P nv can be understood in terms of domain pinning that is essential in polarization fatigue of BFO-based thin films due to repetitive switching. 20, 21 Non-180 0 domain walls may exist in polycrystalline BPFMO thin films, as depicted schematically in Fig. 4(e) . 21 In a certain In fact, the aggregation of -ray-excited charges on charged domain walls produces an extra 7 electric field, E i in Fig. 4 (e), in parallel with the polarization. This irradiation-induced extra field stabilizes the polarization state prior to irradiation and results in asymmetric domain switching, which in turn gives rise to retention and imprint issues in irradiated BPFMO. The polarization in as-deposited BPFMO thin films is pointed preferentially upward. Therefore, an upward E i develops in the irradiated BPFMO. After the PFM writing, this upward E i may facilitate backswitching of downward domains during the 12-hour retention, as observed in Fig. 3(d) . As shown in Fig. 5 , the -ray-induced P nv loss can be completely rejuvenated by subjecting the irradiated Pt/BPFMO/Pt capacitor to 10 6 cycles of saturation bipolar pulses of 25 V. This is 8 attributed to the field-assisted domain wall unpinning as observed previously in fatigued BPFMO thin films. 22 The excited space charges conglomerated on domain walls can be dispersed by the external field that is strong enough to overcome the Coulomb interaction. The pinned domains are then set free and thus the reduced polarization is restored. In accompany with the polarization rejuvenation, the irradiation-induced imprint is also alleviated as a result of the redistribution of space charges after bipolar pulse cycling, which weakens the E i .
In The direction of imprint and the shift of hysteresis loops also depends on the polarization prior to irradiation. These phenomena originate from separation of -ray-excited electron-hole pairs driven by the internal field in BPFMO films and subsequent charge trapping and aggregation on charged domain walls, which gives rise to an extra field E i to stabilize the polarization prior to 
